Abstract -There is an increasing interest in research to help overcome the energy crisis that has been focused on energy storage applications in various parts of power systems. Energy storage systems are good at enhancing the reliability or improving the efficiency of a power system by creating a time gap between the generation and the consumption of power. As a contribution to the various applications of storage devices, this paper describes a novel algorithm that determines the power and storage capacity of selected energy storage devices in order to improve upon railroad system efficiency. The algorithm is also demonstrated by means of simulation studies for the Korean railroad lines now in service. A part of this novel algorithm includes the DC railroad powerflow algorithm that considers the mobility of railroad vehicles, which is necessary because the electric railroad system has a distinct distribution system where the location and power of vehicles are not fixed values. In order to derive a more accurate powerflow result, this algorithm has been designed to consider the rail voltage as well as the feeder voltage for calculating the vehicle voltage. By applying the resultant control scheme, the charging or discharging within a specific voltage boundary, energy savings and a substation voltage stabilization using storage devices are achieved at the same time.
Introduction
Recently, as interest in energy and environmental conservation has increased strongly, research into power and energy engineering has been focused on various solutions designed to slow down the exhaustion of fossil fuel, environmental pollution and global warming in a number of different ways. These efforts can be divided into the development of alternative energy sources and the reduction of energy consumption. A number of studies on renewable, distributed, and nuclear fusion power generation are actively in progress for alternative energy sources which do not use fossil fuel and are not sources of CO 2 emissions [1] [2] [3] [4] [5] [6] . Efforts on the reduction of energy consumption deal mainly in the process of how to improve energy efficiency. As a means for energy efficiency improvement, various types of energy storage devices are being spotlighted and studies about ESS and its applications are making progress over the wide range of power systems [7] - [9] . The applications of ESS include reliability enhancement as well as efficiency improvement [10] - [12] .
The Korean electric railroad system is used to transport several million commuters on a daily basis. There are distinctive characteristics to this system, owing to the fact that the vehicles are being driven by electricity, such as variations in displacement and power. Notably, the vehicles generate regenerative power on breaking but some of this power, which cannot be supplied to the other accelerating vehicles, is being wasted; it is being dissipated as heat at present [13] - [14] . Since the vehicles in suburban railroad systems repeatedly accelerate and brake, it is obvious that the utilization of some ESS would aid in saving energy and considerably improve the energy efficiency of the electric railroad system.
Generally, electrical circuit analysis methods derive solutions from either loop equations or nodal equations. The existing powerflow analysis used for electric railroad systems has two methodologies. In the case of non-grounded railroad systems, the analysis has been performed by building a ladder circuit with a Jacobian matrix, applying chainrule reduction and iterative calculations [15] . In the case of grounded systems, we get solutions by calculating the Norton equivalent parameters for each railroad substation, building nodal equations and then perform iterative calculations. Since they are all grounded, the latter methodology is applied to analyze the Korean railroad systems. The powerflow algorithm in this paper considers not only the feeder impedance but also the rail impedance between the substation and the railroad vehicle, in order to calculate the rail voltage [16] .
There are many types of short-term ESSs, such as the battery energy storage system (BESS), flywheel energy storage system (FES), superconducting magnetic energy storage (SMES), and super-capacitor energy storage (SCES) [17] - [24] . Since each ESS has its own strength and weakness depending on the storage requirements and energy conversion system involved, it is very important to select the optimum type for any specific application. The selection of storage devices involves the general considerations below:
1. Available power 2. Available storage capacity 3. Physical characteristics such as efficiency, response time, etc
Based on the analysis results in this paper, the optimal energy storage device for the Korean DC railroad system has been selected.
Railroad Powerflow Algorithm with ESS

Nodal Equations
The Korean railroad system, since it has grounded substations, requires the use of nodal equations for the power flow analysis. In order to make a more accurate calculation of the vehicle power, the rail voltage is also considered in this paper. Fig. 1 -(a) illustrates a simple railroad system with two substations and one railroad vehicle. The Norton equivalent circuit diagram is shown in Fig. 1-(b) . The branch parameters(g xx ) are the conductance values. The nodal equation for 
In the case of the method based on Eq. (1) and Eq. (2), since the conductance matrix needs to be updated for each iteration step, it takes a long time to extract a solution. To handle the problem of the slow convergence of the conductance matrix iterative method, a current vector iterative method is applied. This method replaces the equivalent conductance of the railroad vehicle as an equivalent current source whose magnitude is calculated by Eq. (3). Since the equivalent current source has a relation with the equivalent conductance shown in Eq. (4), Eq. (1) can be rewritten as Eq. (5). For any specific railroad system state, since there are no terms in the conductance matrix, updating the matrix is unnecessary. Also, as shown in Eq. (5), the separation of the feeder and rail parts in the conductance matrix shortens the calculation time significantly.
Since the relation of the power and voltage in the current vector iterative method is linear, it has a more rapid convergence than the conductance matrix iterative method which has a quadratic relationship. ( ) 
Algorithm
The flowchart of the power flow algorithm, taking into account the energy storage and the vehicle movement, is illustrated in Fig. 2 . Since the vehicles are operated at fixed intervals, the algorithm assumes a repetitive pattern in the headway. The headway is a measurement of the distance between vehicles.
The algorithm requires the system operation data, the substation data, the energy storage control data, the vehicle data, and the line data. The specific data of each data category is arranged in Table 1 .
The system operation data is composed of the rated voltage, the stop time, and the headway. The rated voltage and the stop time are used to determine the initial value of the voltage vector and the total operation time, respectively. The number of operating vehicles is calculated by utilizing the total operating time and the headway.
Each railroad substation is composed of a step-down transformer and a rectifier. The no-load voltage of the Korean railroad system is designed to be 1650 [V] , taking into account the voltage drop on the transformer and the rectifier. The impedance of the railroad substation is derived from actual field measurement data and the Norton equivalent source current can be calculated from the no-load voltage and the substation impedance. One of the most important pieces of data is the location of the railroad substation in this algorithm, since it is used to calculate the distance between the substation and the vehicle. This distance is the relative distance from a specific point, generally being the first station.
An energy storage module has three kinds of operation modes, charging, discharging, and holding. Since this paper deals with the DC railroad system, the storage device's control signal is not determined by the system frequency or the AC voltage angle. Instead this control signal is derived from the DC voltage magnitude. Since the current caused by the regenerative energy flows from the vehicle to the substation, the substation voltage can become higher than the no-load voltage. On the other hand, when a number of vehicles are accelerating, the substation voltage falls due to the huge voltage drop caused by the substation impedance. In other words, since the deficiency or the surplus of the electrical energy on a specific substation can be estimated by using the substation voltage, it is adequate to calculate the control signal of the ESS by using the substation voltage.
The algorithm needs to have the location and power of each vehicle at any specific instant. The location of the vehicle is used to calculate the vehicle-to-substation or the vehicle-to-vehicle distance. The vehicle power varies according to the status of the railroad vehicle; that is whether it is accelerating, coasting, breaking, or stopping. This power status determines the magnitude and the sign of the current injection from the vehicle.
The feeder and rail impedance per kilometer of the conductors is used to compute the vehicle-to-substation or the vehicle-to-vehicle impedance by multiplying the unit impedance with the distance.
In order to construct the conductance matrix, an electric node ordering process should be performed. This process determines which vehicle is directly connected to another vehicle or a substation by sorting the locations of the substations and the vehicles. Based on the results of the node ordering process and the impedance values, the diagonal term g ii is calculated by using the sum of the primitive conductance values of all the components connected to the i th node and the off-diagonal term g ij , by negating the sum of the primitive conductance of all the components connected between nodes i and j [25] [26] . Assuming nsub substations and nveh vehicles on the up and down lines, respectively, the dimension of the conductance matrix is equal to (nsub+4nveh) by (nsub+4nveh). Before iteration, the voltage vector should be initialized. The initialized voltage vector is composed of the feeder and rail nodes which are set to be 1500 [V] and 0 [V], respectively, and are set as the rated and ground voltage. The first nsub+2nveh vector components are those of the feeder nodes and the last 2nveh are those of the rail nodes.
For the current vector, since the Norton equivalent method is applied, the first nsub terms are fixed at the equivalent current value, which is deduced by dividing the noload voltage with the source impedance. Based on the initialized voltage vector and Eq. (3), the algorithm initializes the other terms of the current vector.
Using the inverse matrix of the conductance matrix and the current vector calculated from the initial voltage value, the voltage vector for the next step can then be calculated. Based on the vector distance of the two vectors, the previous and the updated voltage vector, the algorithm iterates with the identical process until the vector distance is lower than the specific value; that is until the voltage vector converges.
Analysis Considering ESS
Energy storage devices are modeled by current injection models and so the nodal equation can be rewritten as Eq. (6) which takes into account these devices. As shown in Fig. 2 , based on the powerflow results without considering the storage devices, the algorithm picks the substations for which voltage values are out of the voltage limitation boundary. For those substations, the voltage values are fixed to the upper or lower limit and in order to keep the voltage to these limits, the storage devices inject or absorb additional current which is indicated by the new terms added in Eq. (6) . In this algorithm, since it is assumed that the energy storages have a 95% energy efficiency, a sign and a coefficient are selected differently followed by the storage's operation modes; positive and 1.0 for charging; negative and 0.95 for discharging. 
To solve for the required additional current from the storage devices, the fixed term of the substation voltage should be moved to the right side since it is now a constant. Instead, the substation current, which was a constant value, now becomes a variable term. In order to exchange their position, the algorithm uses a 'variable swapping' function.
Assuming that the ith substation voltage surpasses the limits, the ith components, V sub_i and I sub_i +I ES_i , should be swapped in order to find the additional current I ES_i needed from the storage device. For a specific substation, the conductance matrix should be reconstructed using Eq. (7). It is time-consuming to swap the variables for several substations simultaneously, since a row and column vector substitution and an inverse matrix construction are required for this process. The algorithm in this paper swaps the variables one at a time in order of precedence to avoid any redundant processes. 
Based on the reconstructed conductance matrix obtained by the variable swapping technique, the algorithm finds the storage-considered solution through the iteration which is mentioned in section 2.2.
Configurations of Seoul Metro Line 8
The Seoul Metro Line 8 is composed of 19 stations and 5 substations. The name and the distance information for each station are listed in Table 2 . The input data for the powerflow analysis and the computing specifications of the storage devices are shown in Table 3 . 
Peak Headway Scenario
Line 8 operates with a 240-second peak headway in the morning and the evening rush hours. As shown in Fig. 3 , the first vehicles on the up and down lines leave Amsa Base and Moran Base at 0 second, respectively. The other seven vehicles in each direction are at a distance of either one peak headway or several peak headways. At 174 seconds, the last vehicles arrive at Moran Base and Amsa Base. From 175 to 239 seconds, just seven vehicles in each direction are considered since the arrived vehicles are now no longer in service. At 240 seconds, when a next headway commences, the new vehicles leave Amsa Base and Moran Base. The 'vehicle n' during the next headway has the same performance of that of 'vehicle n+1' in the current headway.
Non-peak Headway Scenario
Line 8 operates with a 480 second, non-peak headway in the hours other than the morning and evening rush hours. Similarly with the peak headway scenario, 4 vehicles operate in each direction for 414 seconds and the 3 in-service vehicles are then considered from 415 seconds.
The Feeder Voltage Boundary Setting
The upper limit of the substation voltage is set to the noload voltage of the substation. If it were set to a higher value than that of the no-load voltage, the railroad system could not utilize the regenerative energy. For the opposite case, the storage device would be charged from the substation directly without using the regenerations from the vehicles. The lower limits are applied to the storage devices differently. Since the railroad system has a repetitive operation for the headway and the amount of stored energy in each storage device is different, it is set to deliver stored energy during a headway.
Case Studies
An analysis for the Seoul Metro Line 8 was performed. The substation voltages were computed two ways, with or without the energy storage devices. It has been verified that the storage devices are effective in the improvement of energy efficiency and help to suppress substation voltage fluctuations.
Peak Headway Scenario
For the 5 railroad substations of the Seoul Metro Line 8, the voltage curves before the storage device installation (dotted line) and after the installation (solid line) are illustrated in Fig. 4 . The substation voltage limits are listed in Table 4 Before the storage device installation, the substation voltage surpassed the no-load voltage due to the regenerative power induced by the braking of the vehicles. Since the railroad substation operates as a rectifier, it is obvious that the extra current cannot flow into the AC power system from the railroad system. Therefore, the unutilized regenerative energy is dissipated as a thermal loss along the line impedance and the inserted resistor. When the vehicles demand a large current, the substation voltage becomes very low due to the voltage drop on the source impedance. This huge voltage drop is associated with the huge loss that is caused by the source impedance. The storage device is charged by the energy that would otherwise have been lost and then discharged to reduce the amount of the substation supply voltage loss. The operation current from the storage device (dotted line) and the accumulated energy (solid line) are illustrated in Fig. 5 . As seen in the storage current curve, the positive value means a charging operation. The maximum absolute value of the current is utilized to determine the instantaneous power. The difference between the maximum and minimum values of the accumulated energy is defined as the storage capacity. To use the regenerative power during peakheadway conditions, the specifications of the storage devices that the railroad system needs are indicated in Table 5 . 
Non-peak Headway Scenario
Applying the voltage limitation boundary found in Table  6 , the improvement of the substation voltage followed by the storage installation is shown in Fig. 6 . Since there are fewer vehicles and the total amount of the regenerative energy is less than that at the peak headway conditions, the lower voltage limit that is specified in Table 6 , which is the value required to exhaust the accumulated energy after each headway, is set higher than that in Table 4 . Taken from the storage current (dotted line) and the cumulated energy (solid line) curves seen in Fig. 7 , the specifications of the storage devices used to utilize all of the regenerative power in non-peak headway conditions are indicated in Table 7 . Table 8 summarizes the effects of the storage devices have upon the railroad system. They make the energy efficiency of the railroad system higher than 90%. Non-peak headway operations have a higher saving rate. Since there are fewer operating vehicles during non-peak headway conditions, the railroad system depends highly upon the storage devices in order to utilize the regenerative energy. For a 1 day operation, the railroad system saves 41.226 MWh by using the ESS thereby reducing the operating cost by 63.64 %. 
Analysis for Energy Storage Applications
Energy Storage Selection
Based on the simulation results, where the storage specifications are shown in Table 5 and 7, the Seoul Metro Line 8 needs energy storage which can be constructed with the various specifications of the power and storage capacity, 1.269~1.802 [MW] and 9.0~17.5 [kWh], respectively. Also, since there are several charge-discharge cycles in a headway, which is at least 500 cycles a day, the storage should have a long lifecycle. For the various specifications of the storage capacity, the FES device should be designed individually for each substation because its capacity is proportional to the rotational mass of the rotor and the square of its maximum rotational speed. When the storage capacity is being considered, SMES is not appropriate for this system since it is very expensive and large to build the storage capacity higher than 10 [kWh]. In the case of BESS, it is not appropriate owing to its short lifecycle.
Since the SCES is composed using the base module of 9.72 [kW] and 54.1 [Wh] in series and parallel, it is suitable for applications in the railroad system which requires variable power and storage capacity. Also, its lifecycle which is estimated to be over several hundreds of thousands of hours is adequate for its implementation. Additionally, when electrical energy is being stored by a dc potential in an electric field, it is required only to apply the dc-to-dc chopper circuit thereby making it even more favorable to apply this energy storage type in the railroad systems. High reliability is one of the strong points of SCES. Followed by the researches about its performance and maintenance, reliability of SCES can be improved significantly by employing the charge-balancing circuits which control the cell voltage and temperature [27] .
In the Kyoung-san Railroad Experimental Center in Korea, there has been developed a SCES test-module whose power and storage are 1.76 [kW] and 7.230 [kWh], respectively. It is composed of a storage part (super capacitors), energy conversion part (chopper circuit), and protection device part (high-speed DC breaker). The volume of each part is 7.93 (2.36*2.8*1.2), 8.68 (2.36*2.39*1.54), and 0.046 (0.5*0.17*0.54) m 3 , respectively.
Conclusions
This paper presents an energy storage application in order to improve the energy efficiency of railroad systems. By using a new continuous DC railroad powerflow algorithm, the energy saving effects of the storage devices installed in each substation of the Korean railroad system have been analyzed. Also, the algorithm can determine the optimized power and storage capacity of the storage devices for the efficiency and the stabilization of the feeder voltage.
In order to verify the storages devices' effectiveness on the operating conditions of the service line, case studies for the Seoul Metro line 8 have been completed and a quantitative analysis has been performed. The storage devices improved the efficiency to over 90% and saved 41.226 Based on the new algorithm, the specifications of the SCES, which will be installed in the Daejon suburban system, can be calculated. By adding the economic analysis algorithm, an optimal solution would be obtained under a limited budget constraint and also the installation priority would be determined. Also, since the railroad substations operate in a parallel mode and the feeder voltage control for any substation affects the voltage of the adjacent substations, our algorithm would provide a foundation for future work on the development of a coordination control algorithm, which would determine the minimum capacity needed to meet the defined requirements for storage devices to be installed in the future.
